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Performance and Productivity Challenge —
GSRB Smooth

; Forcpl =0;p1 ol =
global_i3_start[planeInNavefront] CLuplaneniavefronty*penci crit 1

I* Laplacian 7-point Variable-Coefficient Stencil */ T T T
for (k=0; k<N; k++) iy R

for (j=0; j<N; j++)

for (i=0; i<N; i++ T,

-Cal
int kHigh - DimKsCghosts-13;
ow-1;

temp[k][j1[i] = b * h2inv * (

int prefetch_streamso;
int prefetch i3k start = 1j_start[0] + Cleadingk+1)*plane;

beta_i [k] [l] [I +1 ] * ( ph i [k] [.l] [|+1 ] _ ph i [k] [.l] [I] ) (“ : ”U e »

-beta_i[k][j][i] * ( phi[KILlli] - philk]L]Li-1] ) s S
+beta JIKIG+IM * ( phIKIG+1I0] - philkILIN]) o =
-beta_j[KIGI0] * ( philkIGI - philkIG-110]) = o s
+beta_k[k+11[]0] * ( philk+11GI0] - philKIGIL ~  Sosmsssmsss

= Prefetch_Pointers(; an] + prefetch_ijk;
uinté4_t invertitask = 0-((kAplaneInkavefrontAsweepr1)adxl);

- - * - - - - - - . const ,;m?ﬁd " {nvel‘"tMnskA = _mi256_broadcast_sd((double*)dinverthlask);
-beta_k[k][[i] * ( philKIGIL] - philk-110101 ) )i =2t

int ijend = ij_end[planelriavefront];
For(ij=_ij_start; i< ij_end;ij+=16){ // smooth a vector...
int ijks=ijtkplane;
#f defined(__PREFETCH_NEXT_PLANE_FROM_DRAI)
/* H el m h o) I Z * / #varning will attenpt to prefetch the next plane from DRAH one camponent at a tine

double * _base = Prefetch Pointers [prefetch_strean] + prefetch_ijk;

_m_prefetch((const char*)(_baset ), W_HINT_T1); i e gy
fo r (k=0 . k< N . k++) _mu_prefetch(Cconst char*)(_base+ 8), _MI_HINT_TL); ) '
) ’

_mm_prefetch((const char*)(_base+16),_MH_HINT_T1); " I d
- - - _mprefetch((const char*)(_bases24), MI_HINT_TL); helroltz.04 = m236 sl _pd(heloholtz.04,b_R2im_splatd);
f 0 r (J - 0 . j < N . J + +) , p;e;et:h_\jkkzﬁ; if(prefetch_ijloprefetch_ijk_end){prefetch_streans+;prefetch_ijk=prefetch_ijk_start; ! : (helnhnl(z,ﬂf,h,hlw,splm ;
’ ’ T helnbolte.0: Ioltz 12 = 3ndS sl peeloltz 2,0 i spla);
0 n a e el = 10256 s 5 0256l 3n26 e, spee, S Lo el gt ), .0 el G0
- )= . i o4 \ A
fO r ( 1= 0 3 | < N y | + +) __m256d helnholtz_08; otz 4 = _m256.sub._p 2 nal._pl 2 _nul_po._splot, Lo pclphasi s 4)),phi 64,
nesed helnboltz_12; el 06 = 3n256,su. a6 256 ulpe.splte, 26 Lo el ), ph. B8 el 6);

const __n128d

rlf'l H H e * H i1 * H H H #if 1 // this version performs alligned accesses for phi+/-1, but not betai+l or phi+/-pencil helsholiz_12 = 3n256 st o6 ul_pd_on2S pul_p plae, 6. Lo g clghoseL2) hi_L2) el
te p[k]D][I] =a alpha[k][I][I] phl[k][l][I] - const _mi28d  temp_00 = m_load_pd(phisike -2); 12+ 6,1 pl 2 pul_pdl_on2s6ul_pe splat, s Lo pe s )39 1)

H HE const __m128d st
temp[K]Llli] =
I’ tnns: ,Jnﬁj _iSEd

et aized el a5 i e )

const __m2S6d _m256_insertF128_pd(_mo56_castpd128_pd2S6(tenp_02), tenp_04,1); e 4 = _m256_Sub_plph,04 e 4);

_m256_insertf128_pd(_m256_castpd128_pd256( temp_01), tenp_03,1); e 8= ud56 sty hi 28, B8);

_m256_insertf128_pd(_m256_castpd128_pd2S6(temp_03), tenp_05,1);
_m_Load_pd(phi+ijl 6);

_m_Load_pd(phitijir 8);

_nm_shufFle_pd(tenp_06, terp_08,1);

_m_shufFle_pd(tenp_08, terp_10,1);
_m256_insertf128_pd(_m256_castpd128_pd2S6(temp_06), tenp_08,1);
_m256_insertF128_pd(_m256_castpd128_pd2S6(temp_05), tenp_07,1);

I* Gauss-Seidel Red Black Update */ o e

const __m128d

for (k=0; k<N; k++) o e

const __n128d

e 12 = _md56_sub_pd(ph_12,nen_12);
t _n256d RedBlack 8 = _m256_yor_pd(imverthaskd, mdS6_casts1256_pa(_on2S6_Load_si2S6( (_n2S6i*) RecBlackhasketi ) );
256 RedBlack 84 = _m256_xor.pd(inverthoské, m2Se_costs1256_pd(_m256_load_si256( (_n256i*)(RedBlackbasksij+ 4) )));
)
)

it _n2S6d RedBlack 08 = m256_xor_pd(inverthoskd, m2S6.costs1256_pd(_mas6_Load_s1256( (_ndS6i*)(Reclacksksijt §)
_n2S6d RedBlack 12 = _m256_xor_pd(imverthaskd, maS6_casts1256_pd(_mas6_load s1256( (_ndS6i)(RecBlackosksijil2)

const __m256d

for (j=0; j<N; j++) e

m256_insertf128_pd(_m256_castpd128_pd256(tenp_07) , terp_09,1); et ""mM'W'Mw@‘"’"’w’mm“m i
const __m128d _m_load_pd(phi+ijks 10); nen 04 = m256 blendy_po(ohi_04,nen 04, RedBlock 34);
- . . const __m128d _m_load_pd(phi+ijkt 12); nen 08 = m236_blendy po(ohi_68,nen_08,RedBlock 08);
for (|=0 i< N . |++) { const _nizad _m_shuffle_pd(terp_10, terp_12,1); en2 = 6 lenpghi 12 e 2 Relock 12;
’ y const __m12ed _m_shuffle_pd(tenp_12, tenp_14,1); 456 store it e ),
o 040 0 const __m25éd _m256_insertf128_pd(_m256_castpd128_pd256( temp_18), tenp_12,1); J"’:SE-S E-V’ Fh‘ ‘Jk 4M-¢4,
— const __n2s6d _mn256_insertF128_pd(_m2s6_castpd128_pd256(tenp._09), tenp_11,1); 56 store pdpit 4 e 08);
If (( I +j + k+CO I 0 I') A)Z —— 0 ) const __n256d _m256_insertf128_pd(_im256_castpd128_pd2S6( temp_11), terp_13,1); _m2S6_store pdphisijie 3,0e 4

const __i2sd _m_Load_pd(phi+ijlt 14); "

philkIG][i] = philkIG][] - lambdalk]GI] * | - % Siicici.
(tempIK][1[i] - rhs[KILIL);}

Code A: miniGMG baseline smooth Code B: miniGMG optimized smooth
operator approximately 13 lines of code operator approximately 170 lines of code &



GPU code for GSRB Smooth

i) el ) e
i(trestiesyeet) ‘et ) - 1)
iH(ureatien,uet) o) 1,” [T
raatiea pe L restien o T genc);

Bttt g vecsorane oy o vty i i
Lt Lot LTI IR0AC) necmetatyve + s, ubsomaton, 1€ PRLLAG, 1t Phid, deuble 5, Sele B, dowle b, (a¢ peea, at lovidg ote: bt s st Vst anand_ted + @lonsncton st aspis Ay R M

P dme e ledan T BURESEEENRIOERI RG] | s ”.mmmn Yureattoen 3« et

BELINAE wm e it e TES Jmestec )« st posc;

int subdomain_din = gou. subdor m; (oox) ch:\; Leveld.atn. i —yrethrest(); // W g

” A1--1--1351 -1 i ible nelmoltz.ijk = o

(Tt pencii - pen n\f : beta{_Uje[thracélen.y (threadlex.xil) * ( mv[nmmx Y1) [threadld xe2) z'\ 130 )

e iy oratian )+ ¢ g n ety treasens 1)+

o
Hesrlantiiio " oxt) + threcaidn.x; // f.6. $nift vector so that threads s 128-byte aligaes . e tren @ ehreas o1 - - .
Sencity s saneid e enet it bover? T e 71 wnen the subdsmtn i3 coorsened to smsller then o GArasd BLock, COrtein LATeass men'S COmEE EASLF FERWLE rroreieiiiiiiiniiii
R ST S T e S e e T PR
7 smid Htesbsonste_claiinitaing: - o

3 iRt diamt thinbaunds -

e yfinaoce ) ! R xwrwmm Jeestion ) - a-\ 1t

ey )(treatlon oy o))

Xi i )

el s nslis);
150+ et 1 v £
s ettty arint R int RedBlackupdate = (irjAswees) & Ox1; A Guitaindounds 88 ((RedBlackipdater)boct)){
Guisiains Sox):Levelsrioveld. orias 1 Gad forChedykesubdamatn_dinjtisd( 47 PRI+ - i 30 Celaolt. i - s /7 5
iivaoraini vord levelsFevel gris * Grenet 77 e ka0 S ares cenp array /abuble nennt « o3k - anedali o Crelemoltz i3k - Ms[iiK));
fed T g e e e g ¢ Gy ot el s dsoten o < gy IS
[ T RHAH A b i RR At g 5: e e 1 AT s O o5
(el e on B G
Ipossubdoncinitbor Eievel) o HEnH trcenresoton.xe. t)uu,\,\u eesciony Jr ol ] - betanifijkaisama; Rethlackipaatestestlackipdote'l;
gpu_subdomains| uun n!veh[lue!] ar a-j-tkienreastany Jenresaiaxx ] - pete(ija) ikesplone;
gl aihaa srgmssneceoniie LTRSS SIEET 2 S sencs; I s e
o R it e Ko i
oo i jo!
R R R fgusensnsounannt Rt
e ; "WI‘:L;:L.“;*‘&‘- rer Tt odtan. ya1)Cenreattan.xe2] - phi_t3 I e il
[t N R S Lititessten ytoncesstanx 131 B bl
o-- dousle peta.t_UKNLY: ,; S ’ ” e 3 E ol e 7 L e tihresstan.y Jcenrecaon.ron 3 + beta.L.tjkpl » beta. {1 Jplane
- s e [ =i 3 "
e TR gy et 3 )i tor
B e e 1/ 8 el
doun % nen_oni ombdalijk)*(helmnoltz i3k - ras(i3k)); #lse
41 v o bt o vt e ok e e S o U, A R DR e »
¢ tnresstaxx < peneit tihinieine: 7 athe arsion (relies slely o the LULL cacke Aierrchy)
2+ pencilonsseride >m;;\;;~~:;\ [ s Gepsoss oo
U RTECC  SONN -t- ZA T EBRIR x - rmscisis s e e o SRR+ 9 bt 9 Py 9 ey A 5 Fole b, AATE B 0 v, 1k 0D
- AT - b Ot 3 bl et = L4V
LG e S Elenccusessenionn 7 sowoms < ori-ix e s
i A S———
e gten; Rastecutpota-sacslackupastart; bbb s orte
Bl B e sevetone Tabaisctiy + tresteny,
R D st i« ) L
tne Rechlackupdste - (1hsasmecsluont e 2 s » e subonsn o] Lol v
R I s R e e
erlistinesuesonsin i I const inters to elenent (9,0,8) n each array for the current subdonsin
syrctnresesO; 1/ R guara o (enreasian x) = pri_isx e DTS Sk
¢ Ghrasig ey TR R e e Soarie dasle +
< AR o R T T P o o P P P P PP PP P P ey Ioaree gatle * alghey
double n2inv = 1.0/(n*n) shored, ole * beto.1;
T SRS e tres. dole * et g}
Chnliadate 1 - )- X B ey e e
5 ? :57’{‘3”“‘“ RS 5T Thhnrealockiony + threselonyi e dmble - Lon
¢ G T S s Y 0
H B ini S e adt ooy TE:Z.HS:‘.\“QSIEH e e .| o) grigsl pniie) reile]
¢ i 3 lane - oou-sencomeins vy 1evelscievel) 1 - s o) Aot i i)+
N I gt - g sunorsos (o] vl kL) UL aloa] + Gloepncto]
G antux - ety etmota 3k < i3 S 40 1 s ey (o e st s it © el i L) et ) il
i A hared Bate. = gu_subdoratns o). Level s level ] T (larespenciiel);
Beta.K = gpu_subdonains (oox]. Levels{level). JYMi[ zun i] il
Sestiockupsntecheatisckipasiens  lonk - g subdong Toelsel) gicstnv] +
s syetteasts();
i o ilse
i Rloe. e grite) 2 glonncin alet g g sbtertnsfoo] Nevls[level)gries] ph 6] +
[T RGN nifoon Leveliriovel] gridst - oipma) + Chlansspanciisiy double ¢ s = gou.subdonains oox]. levelsCLevel).gris( r1s.ie) + (planespencilel
- {hifien ovelitivel Sridst e’ § laniineio et olghe - g sdorans o) Ivels e grisl o) + il
3 1 e v ;:;i::i::ﬁtii :Z:% Tevelifieve) riasbereid + E’{‘Ziiii:ilkﬂ dote -suegorat s oax].Levels Level ) grigs(__beta.1] + (plorespencilii
aesas T gmmnBRnnANAnasnng | Gnnnay ale * Sibdnat s o] el evl) griestbea ] + A
szt s ) tomd e © gpusbderans o) evels el gics{_3ate 1) +
LA LAY VIR SHAEs afpenreasso double  lavbda = gpu_subdonains (oox). levels Level).grids(__lonbda) + el
I iharearii varsion Creliss on shared memory but you murt still faverii) it o st et artest i) ¢ Glanemciten) it
il R e S R H I e B st
e P R R PP R P R R R e e domie ! 9} G
douple nztay - 1.0/chen e 1 Gl 1100 13 S 5 SIS ) 9008, D S 1 O DU U
G S S - EoE e e e it
it huvvu\a:uu %% riastan. s st one stenes et ! (1> i 4
st M « 8

5T Tateniockiony ¢ threcsiaxyt

¢ susderotn_atn - gpu-supsomatoutoon) LevelsClewel) avn. 13 e Redblackipate = (i4jhsneep) & 0

RRE R RS R
Lement (8,0,0) n each array for the current subdomain for(kebikesubdonain, “" “’”
:ar:1’:,;:3:;;:;:::,: e v arrene i Resttackspante - (1A3hsve) b i (et
- dedle o for(ks0;kesubdomain_aim; kee){
1t 13k = keplane + Jepencil + 1 \’(nm‘lwml{
-
) l"t\w(
o s SRR B o s et
e e FRIcE R ates! et B -m:l RN
S o e RV R A e ”i"“{ § ity k wprone] ¢ ¢ onifiok 3 il )0
H k wprone] 1 ¢ ond o waraned beta.| k[\ ( ~1'w] ( w vyk +lane) 1'\[\] 1)
oeta.k oLk plene] )
o eve T evel) fridalersaa) © (Planespanciiint T I e et L+ P3N0 .
CRedsiackipdate) 2 ESLE o
" o ey et e e 0
15 = gpu-subdonainston) evels o) 20+ lanesencitiny: e LSRR G sy s s P50+ ek 1 v
T pmmmnana e nag ey n
Lo T pLE i S gt o Phcubte mewgni = pn5 - YombdaCi3RI-CoetaneN a5 - PnsCESKDE JAfGitisaons 1 (uttlackpgso O
e JnZZIZ(?i uZH .Eviﬁhiiin t R R AR Jr, SUHAT @ LU= Dodo[ T relabsl et - Rk Jf 658

Irgeuele nent < i
It
7 gr(13E) + ((RedlackpdaterOutes) 2 sew.nt ¢ gni_ijh;

3¢ - YowdaliK] relmnal.

3¢ - (i)

fesblockiptatestedtlackiptotert;

Sentif 1/ 10 v 2 versions
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Background: Challenges

« Performance portability
Across fundamentally different CPU and GPU architectures

* Programmer productivity

High performance implementations will require low-level specification in
standard MPI+OpenMP, CUDA

- Software maintainability and portability

May require maintaining multiple implementation of same
computation

BERKELEY LAB



Possible ways to address the
challenges

* Follow MPI and OpenMP standards

Same code unlikely to perform well across CPU and GPU
Low level specification may be required for high-performing OpenMP
Vendor C and Fortran compilers not optimized for HPC workloads

« Some domain-specific framework strategies
Libraries, C++ template expansion, standalone DSL
Not composable with other optimizations

BERKELEY LAB



Compiler Based Approach
____ Autotuner

« Exploit existing compiler
transformations to accomplish
optimization goals

¥ ¥

Code Variants « Develop new domain-specific

transformations and required

CHILL is a source-to-source analysis and code generation
compiler framework with a script support
interface PP
Novel Domain-Specific . Supports autotuning
optimization implemented in CHILL




Compiler Based Approach

 Composable transformation and m

code generation

Leverage rich set of existing
transformations and code generation
capability

Mathematically represented using
polyhedral framework

FIy

Code Variants

« Extensible to new domain-
specific transformations and
decision algorithms

~
nfnhl ﬂ

BERKELEY LAB



Existing Domain-specific Autotuning
Transformations transformations
Geometric Sequential C  Communication- Ghost zones, Ghost zone
Multigrid computation avoiding: fusion, tile, Partial sums depth,
(w/ MPI and wavefront threading,
OpenMP (skew&permute), strategy at
harness) OpenMP, CUDA each level of
V-cycle
Contraction Formula replacement, unroll, algorithm CUDA
CUDA threading
Sparse Sequential C  Tile, permute, skew, Generate Threading,
Matrix with CSR unroll, reduction, inspectors, matrix repr.
Computation matrix scalar expansion, coalesce, make-

OpenMP, CUDA dense, compact,
split, level sets

BERKELEY LAB



Performance Bottlenecks

Ctono J| coeticie J teratio B rior B ML~

7-point Constant Jacobi 8 24 | | 1033

Performance Limited by

Memory Bandwidth!




m Coefficient

GSRB 17 80 0.21

7-point Variable
Jacobi 17 48 0.35
7-point Constant Jacobi 8 24 0.33
13-point Constant Jacobi 15 24 0.63
27-point Constant Jacobi 32 24 1.33
125-point Constant Jacobi 134 24 5.58

BERKELEY LAB
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Geometric Multigrid (GMG)

.{mooth Luh = f smooth Lu" = f*
. . . = ft - Lu" (residual) : f
MG is a hierarchical i ;’.‘iestrﬁit(,ff’ “ uh += interpolate(4?)
approach to solving the smooth Lu? = " smooth Lu? = !
- h — £2h _ 2
linear system Ax=B TS u?h 4= interpolate(i)
smooth Lu*" = f* smooth Lu*" = f*
GMG solves the Iinear: S ) 't += interpolate(i%)
syStem Ax: B! Where A IS \.—multiple smooth’s on Lubh = f8"

-] StenC" applied on a (or Iterative Solver like BiCGStab)

grid

Residual
W

Restriction

.
E
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MiniGMG

List of 6423 Boxes
Computed In Parallel (OMP)
4 iterations
of smooth

00000000

Qo aa
Qo aa
Qo aa
Qo aa
Qo aa
Qo aa
Qoo QRa
Qo aa

48 iterations
of Smooth

Domain
decomposed to MPI
processes (2)



0

Memory Bandwidth
Bound

Time (seconds)

Compiler Autotuning
Matches Manual
Tuning!

FLOP intensity and Poor
20 GSRB Smooth on 64, 642 boxes Register Reuse
Memory Bandwidth Bound

Speedup

5.0x
4.5x
4.0x
3.5x
3.0x
2.5%
2.0x
1.5x
1.0x
0.5x
0.0x

CUDA-CHILL

OCHiLL
B Manual Tuning
W Baseline

Compiler Autotuning Beats Roofline*!

Communication-

Avoiding Optimizations

Stencil Reordering
Partial Sums

Compute Bound by High

Smoother Performance (Fine Grid)

T Al Optimizations
O+Fusion & Wavefront
B +Fusion & Partial Sums |
B+Fusion

W Baseline

ORoofline Memory Bound

7pt 27pt 13pt 125pt
Edison Hopper



Baseline GSRB Smooth
for (k=0; k<N; k++) m

for (j=0; j<N; j++)
for (i=0; i<N; i++)
f [* statement S0 */

templKI[jI[i] = b * h2inv * (
7point VC beta_i[k][j1[i+1] * ( phi[k][j][i+1] — phi[K][j][i] )
stencil -beta_i[Kk][j][i] * ( phi[k][][i] — phi[k][1[i-1])
+beta_j[k][j+1][i] * ( phi[k][j+1][i] — phi[k][j][i] )

-beta_j[K][]Li] * ( philk]Llli] — philk][-11[i] )
+beta_k[k+1][j][i] * ( philk+1][j][i] — phi[K][]Li] )
-beta_k[kI[IIi] * ( philk][i[i] — philk-1101[i] ) );

for (k=0; k<N; k++)
for (j=0; j<N; j++)
for (i=0; i<N; i++)
[* statement S1 */
temp[K][j][i] = a * alpha[k][j][i] * phi[k][j][i] — temp[K][l[i];

for (k=0; k<N; k++) m

for (j=0; j<N; j++)
for (i=0; i<N; i++){
if ((i+j+k+color)%2 ==0)
[* statement S2 */

philk][j1[i] = phi[k][j][i] — lambda[k][j][i] *(temp[k][j][i] — rhs[k][l[il);} il




Wavefront: Reducing Vertical Communication

k.

.............................................................................. .. Wavefront fuses multiplegrid .|
sweeps reducing DRAM traffic




Wavefront: Reducing Vertical Communication

] smooth (red)
smooth (black)

anlelelia | MOOoN (DIACK | smooth (2" red

smooth (red) smooth (black) smooth (2”0I red smooth (29 blag




OpenMP Code Generation: Nested Parallelism

Wavefront has a larger working set

Thread blocking to manage working set

Thread Q- Thread 1-Thread 2-Th

4 4
4 4 4
{ { {
1 1 1




Experimental Methodology

a ] ]

smooth smooth smooth
1.c 2.C 3.c

1 ) 1
CHILL CHth CH!Lt
script1 ] ScriPt | scrip -
2 3
1 1 ]

P S
w]
original()
skew ([0,1,2], 2,%2,1])
permute ([2,1,3,
tile(s0,3,TJ,2,codinted)
gen_omp_parallel_regi

4) #d sets ghost zone

locks, y)

Sets ghost zone depth

Create a wavefront

Generate parallel code

For each level of the V-cycle, our search
space is:

* Ghost zone depth ‘d’ {1,2,4,5}

* Fused Code or Wavefront variant

 Thread decomposition <x, y>, where x*y
= #cores/chip




Performance of GSRB Smooth

Ghost Thread Code
6 handtuned Zone Decomposition Variant
o <outer, inner>
E 4 Box || Edi/Hop || Edison | Hopper || Edi/Hop
§ , 64 | 4 <43> |<2,3>| || wave
m - 32 || 4 <4,3> | <2,3> Wave
L ——
¢ 0 16 |2 <12,1> [ <6,1> | Wave
@) 64 32 16 8 4 |
o > 8 2 <12,1> | <6,1> Fused
3 4 4 |2 <12,1> | <6,1> || Fused
a, |
-
» 2 Manual tuning spent considerable effort on finer 6473
boxes but did not specialize for smaller boxes

Autotuning picked nested- parallelism
64 32 16 8 4 for finer boxes; manually tuned code

............................................................................................................................................................... used intra_box threading
Box Size

BERKELEY LAB



CUDA-CHILL

Lua/Python Interface

CUDA-CHILL

CUDA-CHILL is a thin layer built on
top of CHILL to generate CUDA
code

Deconstructs (tiles) a loop nest, and
assigns loops to threads and blocks

BERKELEY LAB



Parallelization via Loop Tiling

Input GSRB smooth BZ is fixed to 64 (number of boxes)

for(box=0; box<64; box++X Tune to find best value of TX, TY
for(k.=1; k,<=64; _k++){ (dimensions of 2D block)
for(j=1; j<=64; j++)}{
for(i=1; i<=64; i++){ BX=64(box size)/TX, BY=64(box size)/TY
if((i+j+k+(color)) % 2==1){
S0();

S1()E Tiled loop nest with loops marked
S2(); 1 for blocks/threads
|
: B ior(box = 0; box <= 63; box++) {

mark as block dim z (BZ=64) for(k = 1: k <= 64; k++) {
for(jj = 0; jj <= 3; jj++) {

- — |_for(j=0;j<=15; j++){
mark as block dim y (BY=4) for(ii = 0: ii <= 1: ji++) {

/Tor(i = intMod(-j-k-color-1,2); i <= 31; i += 2) {

mark as thread dim y 0();
(TY=16) /21 0);
| 2():

........ mark as block dim x (BX=2) (),}}}}}}

mark as thread dim x (TX=32)




CUDA-CHILL

I* gsrb.lua, variable coefficient GSRB, 642 box size */
init("gsrb_mod.cu", "gsrb",0,0)
dofile("cudaize.lua”) # custom commands in lua

# set up parallel decomposition, adjust via
autotuning

T1=32

TJ=4

TK=64

TZ=64

tile_by index(0, {"box","k","j", "i"}{TZ,TK, TJ, TI},
{I1_control="bb", 12_control="kk", I3_control="}j",
|4_Contr0|=lliill}’{"bbll’IIbOXII,"kkII’"kll’"jj"’lljll’lliill,llill})

cudaize(0, "kernel _GPU",

{ temp=N*N*N*N, beta i=N*N*N*N,
_phi=N*N*N*N},{block={"ii","jj","box"},
thread={"1""{"}1,{}




Performance on K20c
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Higher-Order Stencils

High-Order Multigrid in miniGMG

1.0E+00

1.0E-03 — [
g D ‘\ ..........
5 \ m | T
N
3 1.0E-06 ~ [
S
L
] .
© 1.0E-09 B
2
[<}]
[72] Sl
8 ......

10 =@—7pt (2nd order) L

' -13pt (4th order) I
=&—27pt (6th order)
' =—125pt (10th order)
1.0E-15 ! !
0.001 0.01 0.1 1 10 100

Requisite Memory per Vector (GB)

Higher-order stencil promise huge reduction in data
movement, but maybe bottlenecked by floating-
point pressure and poor register reuse ;\'ﬂ




Higher-Order Stencils

7-point Constant Jacobi 8 24 0.33
13-point Constant Jacobi 15 24 0.63

ygn
27-point Constant Jacobi 32 24 1.33 e =
125-point Constant Jacobi 134 24 5.58 i

Higher-order stencil promise huge reduction in data
movement, but maybe bottlenecked by floating-
point pressure and poor register reuse
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Partial Sums

2D 9-point CC stencil "

L.

Right (leading) edge of points from the input

for (j=0; j<N; j++) grid is reused in the next two iterations of the
for (i=0; i<N; i++){ inner-loop
out[k][j][i] = w1*
(in[j-1][i 1 + in[j+1][i] The right edge acts as the
+in[j J[i-1] +in[j ][i+1]) center and left edge for the
+ w2 *(in[j-1][i-1] + in[j+1][i-1] next iterations
+in[j-1][i+1] + in[j+1][i+1] )
...... + w3* in[i ][I ];
} )




Partial Sums

For 3D stencils we pick the leading plane

Exploiting symmetry reduces flops significantly for 27, 125-pt stencils

For 125-pt stencil, 124 adds went down to 38 adds (over 3x reduction)

-'.7'-'.1-'.7-'.1'71

Ay N 7



Smooth Performance

Partial sums takes the

000 Smoother Performance (Fine Grid) performance of the
4500 smoother to near the
4000 roofline bound
" 3500 Naively one may conclude
2 3000 B Baseline reaching the bound is the
Q
5 2500 ORoofline M upper end of performance
@ 2000
= Achieving memory
1500 : .
1000 bound implies we can
500 now apply
communication-avoiding
0 S .
optimizations!
7pt 27pt 13pt  125pt 7pt 27pt 13pt  125pt P
Edison Hopper

frreeeer |I/|1
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Smooth Performance

5000 T |Smoother Performance (Fine Grid)

4500 B All Optimizations i

4000 i O+Fusion & Wavefront 5

3500 B+Fusion & Partial Sums :
B +Fusion i
B Baseline

O Roofline Memory Bound

MStencils/s
N N w
o (@) ] o
o o o
o o o

1500
1000
500
0
7pt 27pt 13pt 125pt 7pt 27pt 13pt 125pt
Edison Hopper

Transformation must work with other CA optimizations!

BERKELEY LAB



Partial Sums — CHILL Script

I* jacobi_box_4_64.py, 27-pt stencil, 642 box size */
from chill import *

#select which computation to optimize
source('jacobi_box 4 64.c")
procedure(‘'smooth_box 4 64')
loop(0)

original() # fuse wherever possible

#create a parallel wavefront
skew([0,1,2,3,4,5],2,[2,1])
permute([2,1,3,4])

#partial sum for high order stencils and fuse result
distribute([0,1,2,3,4,5],2)

stencil_temp(0)

stencil_temp(5)

fuse([2,3,4,5,6,7,8,9],1)

fuse([2,3,4,5,6,7,8,9],2)

fuse([2,3,4,5,6,7,8,9],3)

fuse([2,3,4,5,6,7,8,9],4)




Summary and Conclusions

- Compiler technology can be leveraged for automated
architecture-specific optimization from high-level
specification for several motifs

- Compiler technology allows composing a sequence of
transformations, and mixing known and novel domain-
specific optimizations

- Performance rivaling manually-tuned code and
sometimes better
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Arithmetic Intensity (Al) of Stencil Computation

for (k=0; k<N; k++)

for (j=0: j<N: j++) flops

6 adds+2 muls =8

Read N3 Grid

for (i=0; i<N; i++){

(phi_in)

1 + w2 * (phi_in[k+1][][i] + phi_in
+ phi_in[K][+1][i] + phi_in[K][j-1

{— / Write Allocate N3 Grid (ph| out)
Ui phi_out[k][j][i] = w1 lﬁﬂ in[K]]0]

K-1]0][1:

101]

+ phi_in[K][j+1][i] + phi_in[K][j-1][i

M)«

N

Write N3 Grid (phi_out)

Ideal cache behavior, compulsory (cold) misses only

Floating Point Ops (flops) 8 * N3
= = 0.33
............ DataMoved(yteS)B*NB*S

Al




Machine Balance (Edison)

Floating Point Ops per second 460.8

DRAM Memory Bandwidth 88

i

(Very) Btract Node Machine Balance 5.2

DP 460.8
GFlop/s

COMPUTE

 COMPUTE.

To achieve peak
performance, code

heeds to execute 5.2
flops per byte!

DRAM (Memory)




Opportunity for Data and Computation
Reuse

-------

)
)
]
=1
|
{
{

T PR
S T 2o L SR

—
PO VPPN SUPRUOS SRS PR

------

———— 2D 9-point CC stencil : : _
for (j=0; j<N; j++) Right (leading) edge of points from the input grid is

for (i=0; i<N; i++){ reused in the next two iterations of the inner-loop
out[k][L] = w1” The right edge acts as the center
(in[j=11[i 1+ in[j+1][i] . .
+in[j Ti-1]+in[ 1[i+1]) and left edge for the next iterations

+ w2 *(in[j-1][i-1] + in[j+1][i-1]
+in[j-1][i+1] + in[j+1][i+1] )
+w3*in[j ][i ];




Buffering Partial Sums: Exploiting Reuse

Partial Sum B0 Right Edge for

Partial Sum B1 Center for (j,i+1)
Partial Sum B2 Left Edge for (j,i+2)

Partial Sums are buffered in linear buffers R, C,

Input grid

out [j][i] = R [i] + C [i] + L [i]

4m==== .
f 1
1 1
1
e,
i
| (11
1 FR L )
1
i ©
: SN W WU S
1
""" 1 1
1 ]
! array of
I coefficients T T
1
- B B H B




Exploiting Symmetry to Reduce
Computation

3
A}
I
I
I
I
Tﬂ
I
I
’
r'd
<—
P
<

| T Yy oy v for (j=0; j<N; j++) AL A
i i 0 ; i ] for (i=0; i<N; i++){ stencil
; T N
i ] : : i | out[k][jl[i] = w1*
. 1 1 1 1 | |
(i) ! : SN U o (in[-1][i ]+ in[j+1][i]
: 1 +in[j J[i-1] +in[j ][i+1])
: drray of s . I + w2 *(in[j-1][i-1] + in[j+1][i-1]
] _t;_O_efflClentS +in[j-1][i+1] + in[j+1][i+1] )
| ——— ¢ & BO +w3*in[j 1[i I;
R[i]
/ C[i+j I }
. ft il
"i[i2] oads the rght | ST |
Due to symmetry of edge of points n
coefficients the loaded edge r1 =in[j][
(plane) can be factored into factor the points = inli+111i+11 + inli-11i
sums multiplied by the I'211. m[j 1][| 1] m[j 1][I
same coefficient — )
RIT =w1*r1+w2*r2; |
Factors are reused to Cli+11=w3*r1 + w1 *r2;
compute partial sums \ _ .
saving flops (5 adds L[i+2] = R[i];
instead of 8) n . . .
out[j][i] = L[i] + C[i]+ R[i]; N




Exploiting Symmetry to Reduce
Computation

For 3D stencils we pick the leading plane

Exploiting symmetry reduces flops significantly for 27, 125-pt stencils

For 125-pt stencil, 124 adds went down to 38 adds (over 3x reduction)

v
Yy o, '('_"‘
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MiniGMG

List of 6423 Boxes
Computed In Parallel (OMP)
4 iterations
of smooth

00000000

Qo aa
Qo aa
Qo aa
Qo aa
Qo aa
Qo aa
Qoo QRa
Qo aa

48 iterations
of Smooth

Domain
decomposed to MPI
processes (2)



